Abstract: Present paper discusses experimental work on obsidian glass to understand corrosion mechanism at variable pressure temperature conditions. For comparison, Advanced Vitrification System, a nuclear waste glass was studied simultaneously under similar conditions. Owing to massive weight loss the glass samples were unable to sustain beyond 4 hour during the experiments. Corrosion experiments on both these glasses were performed under hydrothermal like conditions and observed that the changes in the experimental conditions have major control over the release of sodium and other ions from obsidian and nuclear waste glass, hence effecting corrosion mechanism. X-ray diffraction patterns of the residue obtained after the experiments on obsidian glass revealed appearance of neo-formed minerals, such as quartz, celadonite, halloysite, sodalite, heulandites and wairakite. High degree of corrosion and formation of amorphous residue observed in case of the experiments performed at 300 0 C over the granules of the nuclear waste glass. The back scattered electron images of the scanning electron microscope indicate distinctive microstructures, associated with the neo-formed minerals, and their formation is linked with the release of sodium, potassium and other ions, causing changes in the pH and conductivity of the leachate. In case of nuclear waste glass back scattered images of the scanning electron microscope indicates formation of multiple alteration layers and secondary alteration products. The surface of the pellet after the experiment shows phyllosilicate with numerous tiny spherules embedded within the structure. These experimental results when extrapolated suggest formation of amorphous silica, quartz and chalcedony as end members in case of obsidian glass whereas, formation of iron rich fayalite and greenalite can be observed in case of nuclear waste glass. The mechanism, conditions of formation of neo-formed minerals and their stability have been discussed in the paper.
INTRODUCTION
Glass is considered as a suitable matrix for immobilization of high-level nuclear waste [1] [2] [3] [4] . The process of vitrification to borosilicate glass is advanced, involving assimilation of nuclear waste into high-silica glass, and to develop corrosion resistant and highly durable waste matrix. Borosilicate glass is chemically durable and well suited for achieving high loading of nuclear waste [5] . For vitrification of High Level Waste (HLW), borosilicate matrix is widely used in India [6] . Vitrification results in the transformation of highly corrosive liquid wastes into a more compact and manageable solid. In case of silicate glasses, the dissolution rate is highly dependent on factors such as, temperature, pH and solution composition, particularly the activity of silicic acid [7] . Predictions of rate of glass dissolution on long-term basis and release of radionuclide in geological repository require an understanding of glass and environmental reactions [8] . However, structure of complex glasses has not been very well understood [9] .
*Address correspondence to this author at the Department of Geology, University of Delhi, Delhi -110007, India; Tel: +91-11-27667073; Fax: +91-11-27666295; E-mail: jpshrivastava.du@gmail.com Behaviour of water-rock system primarily depends upon the reaction rates of rock-forming minerals or glasses on a geological time-scale. The affected rocks often alter at conditions at or near chemical equilibrium in the natural hydrothermal system. Experimental studies carried out on silicate minerals and glasses, provided kinetic data concerning the initial stages of dissolution at conditions of high saturation of the fluid with respect to the dissolving material. It has been found that the dissolution rate is controlled by the chemical reactions which occur at the solid-solution interface [10] . The identification of the main elementary steps of the dissolution reactions [11] [12] [13] [14] [15] [16] have concluded that the leading role is played by chemical species at the solid surface.
Basaltic glasses of volcanic origin are considered as natural analogue for nuclear waste glasses, used to contain fission product solutions and provide data on the alteration behaviour of vitreous materials over geological time scale. The analogy between basaltic and nuclear glasses has been extensively documented with respect to their secondary products formed during alteration of these materials [17] [18] [19] [20] [21] .
The aluminosilicate nepheline syenite glass shows low order of leach rates as compared to borosilicate glass [22, 23] . The rhyolite glass survives in the natural environment for several million years therefore, considered as a natural analogue for nuclear waste glass [24, 25] . Previous studies on dissolution behaviour of acid volcanic glass were mainly aimed at their potential utility as nuclear waste hosts whereas, hydrothermal leach tests on rhyolite glass were performed [26, 27] for a limited period and recognized only one notable exception of aluminosilicate nepheline syenite glass (used in the pioneering Canadian study), which represents lower leach rates than that of the borosilicate glass. Experimentally determined leach rates for rhyolite glass is much lower than that of the synthetic nuclear waste glass [19, 27] . The extrapolation results for long-term performances of these glasses are indistinct. Based on these results, basalt glass was considered as a natural analogue for radioactive waste containment [28] [29] [30] [31] [32] [33] [34] .
In contrast to several studies [19, 26, 27] focused on the dissolution rates of basaltic and borosilicate glasses, the corresponding studies on acid volcanic glasses are rare thus, present study is necessary to predict and to extrapolate corrosion mechanism in these glasses. Attempt has been made to find out its analogy with that of the nuclear waste glass. For this purpose, experiments were performed with the obsidian under near hydrothermal conditions in a laboratory time framework to understand corrosion mechanism in the obsidian glass. With a focus on the long-term behaviour of nuclear waste stored in a geological repository, these results were compared with the data obtained under similar alteration conditions for AVS. The specific effect of dissolved silica on the dissolution kinetics was assessed by means of alteration experiments. The glass behaviour is modeled using EQ3/6 and GWB geochemical codes [35, 36] taking into account the equilibrium distribution of aqueous species in a fluid, the fluids saturation state with respect to minerals and the sorption of aqueous species onto surfaces.
EXPERIMENTAL PROTOCOL

Obsidian Glass
Fresh unaltered obsidian was chipped out from a working quarry. Samples are optically translucent, pitch black to dark brown in colour, shows vitreous lustre. It is often banded having conchoidal fractures. Major oxide composition was determined by XRF technique ( Table 1 ) and compared with the published data of [37, 38] , indicating a tight chemical closeness. When plotted over Total Alkali-Silica diagram. These data plots lie close to each other and confine to a rhyolite field.
To achieve optimum S/V (surface area/volume) ratio for the test glass, obsidian chips were pulverized and sieved to obtain particle size of 100-120 μm. Glass specimens were prepared after the glass powder was ultrasonically cleaned in deionized water and allowed to dry at 90 0 C for 24 hours. The specific area and density of each specimen was determined by BET (Krypton) measurements [39] . These values are of obtained are in the order of 663cm 2 /g and 2.405 g/cm 3 , respectively.
Waste Glass
Simulated waste used in this investigation, represents its composition close to the HLW to be processed. The Na 2 O-B 2 O 3 -SiO 2 ternary was used as a basic system for the matrix composition selection. Glass made up from this system is referred to base glass. Before selecting the base glass compositions, relevant (BaO -B 2 O 3 -SiO 2 , Na 2 O -B 2 O 3 -SiO 2 , BaO -Na 2 O -SiO 2 ) ternary diagrams have been studied by [40] [41] [42] were considered. Major elemental compositions of AVS glass specimen was determined using XRF technique ( Table 1) . Glass specimens of 100 -120 m size granule was prepared and ultrasonically cleaned in deionized water and allowed to dry at 90 0 C for 24 hours. The specific area and density of specimen was determined by BET (Krypton) measurements [39] . 
CORROSION PROCEDURES FOR OBSIDIAN GLASS
For obsidian glass twenty-one set of alteration experiments were performed separately in the corrosion resistant, high pressure -temperature Parr Reactor (Model: 4568). In this reactor, each 1.0 gm of glass specimen was treated with 80 ml of deionized water at 100, 200 and 300 0 C and 50, 250 and 1260 psi, respectively for 1, 2, 4, 8, 16, 32 and 64 hours ( Table 2) . After experiments, residue of neoformed minerals and the leachates were obtained. The neoformed altered crystalline mineral phases formed in case of obsidian glass were studied using X-ray diffraction and SEM techniques.
For the AVS, alteration experiments under similar set up were carried out but, for a limited period of 30, 60, 120 and 300 minutes The optically polished glass pellets (3 mm thickness and 2.5 cm dia.) of Vitrified Waste Product (VWP) were selected for PHWR (Pressurized Heavy Water Reactor) high level waste immobilization, subjected to induced hydrothermal conditions at 100, 200 and 300 0 C in the Parr Reactor with deionized water. The surface area to volume of leachant (S/V) ratio is maintained to the order of 0.15 cm -1 which favours rapid attainment of steady state corrosion through the rapid release of silica and other constituents to saturated conditions. After experiments the residue (of neo-formed minerals) and the leachates were studied. Electrical conductivity and pH measurements were made for the leachates. Surface morphology of the neo-formed crystalline mineral phases in the glass was studied using SEM -EDS and high flux XRD techniques, respectively. 
RESULT AND DISCUSSION
Calculation of Alteration Rate
Generally, boron is considered as a reaction tracer for the evaluation of glass alteration mechanism but, it is very low in concentration in obsidian hence, its aqueous dissolution has not been taken into account. Sheng et al. [43] have discussed that Na participates easily in the ion exchange reaction with water, therefore Na concentration along with K and Fe (in AVS glass) as an additional check has been taken into account for the present calculations. Mass loss and release rates for Na, K and Fe (in AVS glass) have also been calculated to evaluate glass alteration mechanism. To quantify mass loss, mass of each glass specimen was measured before and after the experiments by following procedure of [43] . Kaushik et al. [44] have discussed that the normalized mass loss is linked with the rate of release of sodium concentration in solution. It corresponds to the mass of the glass altered in the unit surface area (NL i ), using following equation. Normalized mass loss for each glass specimen is calculated after the experiment.
[(Na leached / Na present in the sample) x wt. of sample] / surface area (cm 2 ) x time (days) (Eq. 2)
Evolution of the Na and K ions in the Leachate
Previous studies concluded that the glass water interaction comprises chemical reactions and mass transport processes. It has been established that the ion-exchange, network hydrolysis and precipitation are important mechanisms of glass leaching [45] [46] [47] . Precipitation reactions usually play important role under saturated conditions (for long-term performance) whereas, ion exchange and network hydrolysis are the dominant processes (under short term or weak alteration conditions). To understand relationship between elemental release and rate of alteration with respect to time, weight loss and leachrate (gm/cm/min 2 ) of glass has been measured (Figs. 1, 2 ). For this, data plots between the time (in hours) of alteration of glass vs. Na, K and Fe release (in mmol/l) were plotted (Figs. 3-5 ). To understand these mechanisms in case of obsidian glass, Na, K and Fe ions present in the leachates were determined by Flame photometer and Atomic Absorption Spectroscopy. When time vs. pH (as a function of temperature) data plots, indicated that the pH value rises with the increase in the time and temperature both. The maximum pH (8.03) recorded in the leachate is obtained after treatment of the specimen for 64 hours in the reactor. These glasses contain 5.51 and 15.05% Na content respectively, participating in the ion exchange reactions with water. The high release of Na ions in water led to form a weaker network structure than that of the high level waste (HLW) glass, and subsequently it is more readily attacked by the water. The elevated participation of ion exchange process, particularly when high S/V ratio of the test sample is available, causes overall release of elements which is perhaps responsible for the increase in the pH values of leachates [43] . It indicates appearance of buffering effect on ion-exchange process during the entire range of alteration test. The initial reaction causing alkali release resulted from water diffusion into the glass network. As the release rate decreases with the increasing depth of the alkali depletion zone in the outer glass surface, matrix dissolution becomes the dominant process.
The data plots (Fig. 5 ) between time and release of Na, K and Fe ions indicate that the sodium ion concentration increases commonly in the AVS glass, however in case of obsidian, preferential release of potassium ions is observed (Fig. 4) , indicative of large scale breaking of the glass network, hence more glass dissolution is taking place. It has been found that the release of potassium ions was less than that of the sodium ions. These glasses contain preferential Na content (5.51 and 15.05% respectively), participating in the ion exchange reactions with water. The high release of Na ions in water led to form a weaker network structure than that of the high level waste (HLW) glass, and subsequently it is more readily attacked by the water. The release of Na ions in water led to form a weaker network structure than that of the high level waste (HLW) glass, and subsequently it is more readily attacked by the water.
To describe leaching behaviour, the ratio of concentration of other elements to the amount of silica in the leaching solution is calculated and compared this ratio with that of the unaltered glass matrix. These results indicate that pH of the leachate plays a dominant role in the leaching of simulated waste glasses [43] . Dissolution rates of silicate minerals and glasses, measured in the laboratory indicate that weathering is mainly controlled by the pH-dependent detachment of framework elements from the solid surfaces suggested by [15, [48] [49] [50] .
The ion-exchange reactions dominated the HLW glass corrosion process when the pH of the leachate is more than 9, whereas hydrolysis reactions dominate glass dissolution at a pH less than 9 [51] . A high leach rate is attributed to the effects of the solution composition effects, because as elemental concentration increases in the leachate, elemental release rate generally decreases [52] . In case of granules, weight loss is considerably high and the equilibrium leach rate condition is achieved in a short duration.
XRD Patterns and Surface Characterization Of Residue
For X-ray diffraction analyses, the oriented mounts were prepared and scanned using Philips (Model: X'pert, PW 1830) diffractometer with Cu-K radiations at an adopted scanning speed of 1 o / min for 5 to 40 o . However, beyond 40 o diffraction patterns do not show significant bands. These diffraction patterns indicate that untreated obsidian glass is gradually changing into a crystalline phase. At 300 0 C for 1 hour treatment of the sample (Sample No.3A), the release rate of sodium ions increases slightly while, in this case release of potassium ions is on the lower side and these ions contributing to the formation of heulandite. There is a considerable variation in the Si/Al ratio with concomitant variation in the proportion of Ca and Na. Since the structure of heulandite consists of a very open Si-Al-O framework in which two-third of the (Si, Al) O 4 tetrahedra are linked to form network of six-membered rings, parallel to {010} [53] . Only small substitution of potassium for sodium leads to the formation of sodalite [53] . Presence of wairakite is inferred in the residue which is calcium analogue of analcite. It forms by partial replacement of sodium by potassium and the substitution of aluminium for silica. Such mechanism is also possible for the formation of wairakite in these specimens (Specimen No. 3G). The treatment of glass samples (Specimen No. 3G) at 300 0 C for 64 hours causing an elevated release of sodium, indicative of high cation exchange capacity which is perhaps responsible for the formation of halloysite [54] . The lattice parameters in respect of altered glass samples (Specimen No 3A, 3B and 3G) after the experiments were calculated in Table 3 , using Bragg's equation for the cubic, hexagonal and monoclinic systems. X-ray diffraction patterns and cell dimensions in Table 3 of the treated samples at 300 0 C (pH = 8.03) when compared with the published [54] values revealed appearance of heulandite (a=17.18, b=17.89 and c=7.428 Å), saponite (a=5.3, b=9.16 and c=12.4 Å), quartz (a=4.9133 and c=5.4053 Å), halloysite (a=5.14, b=8.9 and c=14.9 Å), sodalite (a=8.85Å), wairakite (a=13.692, b=13.643 and c=13.56 Å) and celadonite (a=5.233, b=9.047 and c= 10.197 Å). For nuclear waste glass (AVS), same procedure was followed for XRD studies however, the diffractograms of the treated granules revealed that residue is amorphous but, for a sample treated at 300 0 C, single anomalous quartz peak was observed. The high flux XRD study was also carried out on pellets, which indicates that the crystalline phase is formed. The XRD study on the pellet surface of the pellet indicates formation of secondary crystalline quartz in addition to mineral phases of phyllosilicate and sodium titanium silicate. These samples were air dried and subjected to surface morphological characterization with SEM -EDS. The visual assessment of swollen pellet indicates formation of clay minerals with the globules on the periphery (Fig. 6) . The elemental distribution profile from surface to bulk was carried out by analyzing the cross section of an altered pellet. Dissolution of vitreous material involves preferential dissolution of network modifiers (Na) and network formers (B) with the formation of residual Si rich hydrated layer which accommodate precipitated crystalline as well as amorphous phases. Further increase in pH increases, favours matrix dissolution with the formation of altered layers. The scanning electron microscopic study over the surface indicates formation of multiple alteration layers as well secondary products. EDS analysis of outermost leached layer indicates that it is rich in Ti, Mn, and Fe and largely depleted in Na. The cross section of the pellet indicates surface layers and highly porous inner altered glass region (Fig. 7) . Optical microscopy of the cross section of pellet (allowed to corrode for 24 and 48 hours) indicates surface alteration with dense glassy phase in the centre, while for the pellet leached for 72 hours indicate complete transformation into uniformly porous altered glass matrix (Fig. 7) . Optical microscopy and SEM-EDS analysis of the surface of the samples indicate formation of leached layer and deposition of secondary crystalline materials (Fig. 7) . The surface of the pellet shows presence of phyllosilicate with numerous tiny spherules embedded within the structure (Fig. (8a) . The surface of the rim appears like a foliated clay mineral (Fig. 8b) , but the whole rim is more bulky (Fig. 8c) . It consists of equidimensional glass grains with shard morphology hence particles similar to smectite in morphology (Fig. 8d) are observed. Untreated sample of obsidian glass is also considered for scanning electron microscope (Fig. 9a) . Glass particles are differentiated into two types by morphology. The other particles show appearance of altered surfaces clustered to form massive aggregates (Fig. 9b) and platy flakes similar to smectite (Fig. 9c) . Complete transformation of glass into neoformed mineral can be observed (Fig. 9d) . The more abundant population is comprised of particles with clean surfaces (Fig. 9e, f) . Owing to low crystallinity these particles do not show electron diffraction patterns. Untreated sample is also considered for scanning electron microscope (Fig. 10a) . The surface of the rim appears foliated like a clay mineral (Fig. 10b) , but the whole rim is more bulky (Fig.  10c) . It consists of equidimensional glass grains with shard morphology hence particles similar to smectite in morphology (Fig. 10d) are observed. Glass particles are differentiated into two types by morphology. The more abundant population is comprised of particles with clean surfaces (Fig. 10e, f) .The other particles show appearance of altered surfaces clustered to form massive aggregates (Fig.  10g) and platy flakes similar to smectite (Fig. 10h) . Owing to low crystallinity these particles do not show electron diffraction patterns.
MODELING AND SIMULATION
In kinetic reaction paths, the rates at which minerals dissolve into or precipitate from the equilibrium are set by kinetic rate laws. The progress is measured in time instead of the non -dimensional variables. A mineral dissolves into fluids under saturated condition and precipitates when it is supersaturated. The pure solid-phase formation is directly related to the speciation in the aqueous phase i.e. the conversion of the solid phase is accountable for the change in the solubility of elements [52] . Most of the current models for predicting borosilicate waste glass dissolution rates assume surface reaction control of dissolution rate and that only the silica concentration of the solution affects the overall rate [30] . The process is therefore modeled using an affinity in terms of SiO 2 (aq) only. The models of assume that the glass dissolution rates are exclusively a function of glass composition, temperature, pH, and solution silica concentration. The equilibrium distribution of aqueous species in a fluid, the fluids saturation state with respect to minerals, the sorption of aqueous species onto various types of surfaces has been calculated. Since the chemical composition of the waste glass is similar to that of the aluminosilicate minerals observed in the natural environments, the major alteration-phases are expected to be aluminosilicate phases. Fig. (7) . Cross section of the pellet.
Fig. (8). EDS spectra of nuclear waste glass (AVS).
Thermodynamic calculations have been applied for prediction of the potential alteration-phases formed during the long-term disposal periods. It indicates that amorphous silica, chalcedony, analcime, smectite, kaolinite, gibbsite, or other mineral phases are formed depending upon the glass composition, solution conditions and reaction progress [55] . It has been stated that due little considerate of the formation mechanism, kinetics is also supposed to be one of the important cause for disagreement [56] . These models helped to find out the stability of secondary mineral phases in these experiments if carried out for a longer period. Hence discrepancy between the predicted phases and the actually formed minerals is partly caused by uncertainty in the thermodynamic data, because actually forming phases are non-ideal phases with impurity and crystallographic defects. The initial solution composition including all species involved in further reaction was computed. Understanding of these calculations is required because many factors contribute to the nucleation and growth of a secondary phase includes kinetic constraints on precipitation [57] .
Glass composition, temperature, pressure and pH conditions (such as 8.03 at 300 0 C) were considered in the assessment of experimental and simulated results. These results were extrapolated for 100 years by plotting (Fig. 11) Mineral saturation (log Q/K) data where Q is the activity constant, product of aqueous species involved in the dissolution reaction for dissolving solid, and K is the equilibrium constant for the same solid values against time in years [58] . When data extrapolated for 100 years it is observed that quartz is forms up to the period of 5 years whereas, tridymite forms between 15 to 25 years; amorphous silica, chalcedony and cristobalite appear after 40 years (Fig. 11) . Reaction progress is plotted against saturation index (log Q/K), indicating saturation with respect to a solid phase. It is also assumed that that the glass dissolves congruently, hence saturation indices for each mineral phase is considered.
In the present experimental results for the obsidian glass alteration, Na was found to be released preferentially therefore; simulation procedure estimates the saturation indices for solid phases that contain Na. It shows that chalcedony and Na-beidellite is formed at a pH value of 8.03 (sample is treated at 300 0 C and 1300 psi). The extrapolation of these experimental data nuclear waste glass (AVS) for 100 years revealed that the end members such as iron rich fayalite and greenalite are formed in case of AVS glass (Fig.  12) . Presence of quartz is corroborated by XRD data whereas; phyllosilicate grains were identified in the SEM (Fig. 7) . At known temperature, the equilibrium system exists as a closed system whereas, pressure affects the equilibrium state but, on a minor scale under near surface conditions [59, 60] . The temperature -activity and temperature -fugacity relations shows the effects of temperature on the stability of minerals and the predominance of aqueous species in the chemical systems. Thermal stability of glass species versus pH data plots show presence of iron rich minerals such as greenalite and fayalite. Similar phyllosilicate sequence has been described by in the alteration facies of pillow lavas in the Viviane and Fuchsia drill holes at Mururoa atoll [61] . The formation of secondary phases has significant effect on glass dissolution rates, controlling the concentrations of dissolved elements such as aluminium and silicon [62] . For this reason the abrupt increase in the dissolution rates is observed. The elevated participation of ion exchange process, particularly when high S/V ratio of the test sample is available, causes overall release of elements which perhaps is responsible for the increase in the pH values of the leachates. Hence, release of sodium ions from the glass matrix is primarily responsible for the elevation of alkalinity in the leachates. It has been found that at 300 0 C maximum release of sodium ions takes place (Fig. 13) . Fig. (9) . Photomicrograph (60 X) represents cross-section of an altered pellet under optical microscope showing glassy phase (GP) and altered porous layers (APL).
CONCLUSION
The dissolution behaviour of obsidian glass was investigated and compared with AVS glass through conducting various alteration experiments in Parr reactor for 64 hours at 100, 200 and 300 0 C. In case of nuclear waste glass (AVS) owing to its massive weight loss the experiments were carried out for shorter duration (ranging from 15 mins to 4 hours). It is observed that the temperature and time has immense role in the glass dissolution mechanism. At 300 0 C for 64 hours average dissolution rate is awfully elevated, hence glass alteration increases with rising temperature. It has been concluded that the precipitation of analcime after several weeks of reaction correlates with an abrupt increase in the glass dissolution rate. At low temperature, increase in the glass alteration with time takes place. Release of Na, K and Fe ions indicate that the sodium ion concentration increases commonly in AVS glass, however in case of obsidian, preferential release of potassium ions is observed, indicating large scale break-up of the glass network. Thus, more glass dissolution is taking place.
XRD patterns in case obsidian glass indicate that the new mineral phases were formed when alteration rate is high.
These minerals appear when pH and conductivity values are 8.03 and 140.9 mhos/cm. Ion-exchange reaction controls the dissolution of obsidian glass at 100 0 C temperature and after that network hydrolysis and ion exchange reactions together control the aqueous alteration behaviour of obsidian glass. At this point the rate of sodium and potassium release is also found high. It has been found that obsidian glass network structure shows high order of durability. Present study revealed an agreement between experimentally observed mineral phases and the mineral phases that obtained through computer simulation of the chemical data (Fig. 11) . The appearance of quartz in both the cases is highly likely. Through, extrapolation of experimental constraints, different end members such as amorphous silica (which is least thermodynamically stable), quartz, (the most stable) and chalcedony (having intermediate stability) are formed. Owing to experimental constraints, inconsistency between experimental and simulated results is also noticed to some extent. The elevated participation of ion exchange process at high S/V ratio (of the test sample) causes overall release of elements which perhaps is responsible for the increase in the pH values of the leachates. Through computer simulation of the chemical data quartz is formed in case of AVS glass. Through extrapolation of experimental data for 100 years, it is concluded that the iron rich end members (fayalite and greenalite) are formed (Fig. 12) . Appearance of quartz in the residue is corroborated by its XRD patterns. Presence of phyllosilicate is inferred under the SEM. The formation of protective surface layers reduces the rate of corrosion.
Unprotective surface layers have a porous structure which does not significantly influence the reaction rates. The protective surface layer serves as physical mass transport (diffusion) barriers that inhabit further glass reactions by impeding the transport of reactants and products [49] . It wasalso found that after the corrosion experiments the surface of the glass became porous. Hence, surface layer formed at 300 0 C was less porous than that formed at 100 0 C and 200 0 C. It is concluded that the surface layer formed at 300 0 C is protective, while that formed at lower temperature (100 and 200 0 C) is unprotective. Thus, the effect of glass corrosion and elemental release is reduced due to the formation of protective surface layer. Sequence of mineral precipitation in obsidian and nuclear waste glass (AVS) indicates that an end member of the obsidian glass is more stable than the end members of nuclear waste glass (AVS).
